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ABSTRACT
WASP-80b is a warm Jupiter transiting a bright late-K/early-M dwarf, providing a good opportunity to extend
the atmospheric study of hot Jupiters toward the lower temperature regime. We report multi-band, multi-epoch
transit observations of WASP-80b by using three ground-based telescopes covering from optical (g′, Rc, and Ic
bands) to near-infrared (NIR; J, H, and Ks bands) wavelengths. We observe 5 primary transits, each of which
in 3 or 4 different bands simultaneously, obtaining 17 independent transit light curves. Combining them with
results from previous works, we find that the observed transmission spectrum is largely consistent with both a
solar abundance and thick cloud atmospheric models at 1.7σ discrepancy level. On the other hand, we find a
marginal spectral rise in optical region compared to the NIR region at the 2.9σ level, which possibly indicates
the existence of haze in the atmosphere. We simulate theoretical transmission spectra for a solar abundance but
hazy atmosphere, finding that a model with equilibrium temperature of 600 K can explain the observed data
well, having a discrepancy level of 1.0σ. We also search for transit timing variations, but find no timing excess
larger than 50 s from a linear ephemeris. In addition, we conduct 43 day long photometric monitoring of the
host star in the optical bands, finding no significant variation in the stellar brightness. Combined with the fact
that no spot-crossing event is observed in the five transits, our results confirm previous findings that the host
star appears quiet for spot activities, despite the indications of strong chromospheric activities.
Keywords: planetary systems — planets and satellites: atmospheres — planets and satellites: individual (WASP-
80b) — stars: individual (WASP-80) — techniques: photometric
1. INTRODUCTION
It is now well known that exoplanets have very different or-
bits reflecting diverse planetary origins and various migration
mechanisms. To explore such planetary formation histories,
unveiling their atmospheric compositions is important, be-
cause they can be affected by the environments in which they
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were born. For example, the relative abundances of carbon-
and oxygen-bearing molecules in planetary atmospheres are
closely related to the environment of surrounding disk gas
(e.g., Öberg et al. 2011; Madhusudhan 2012).
If an exoplanet has a transiting orbit, the planetary at-
mospheric composition can be examined by measuring tran-
sit and secondary-eclipse depths as a function of wave-
length, which are referred to as transmission and emis-
sion spectroscopy, respectively. So far, several molecular
features such as H2O, CH4, CO2, and CO have been de-
tected through these techniques in several hot Jupiters (e.g.,
Barman 2007; Tinetti et al. 2007, 2010; Swain et al. 2008,
2009; Grillmair et al. 2008; Swain et al. 2010; Snellen et al.
2010; Wakeford et al. 2013; Deming et al. 2013), although
some of the detections are still in dispute (e.g. Sing et al.
2009; Gibson et al. 2011; Swain et al. 2014). On the other
hand, flat or featureless transmission spectra have also been
observed in a number of exoplanets, ranging from hot Jupiters,
e.g., HD 189733b, WASP-12b, HAT-P-32b, and HAT-P-
1b (Pont et al. 2008; Sing et al. 2013; Gibson et al. 2013;
Nikolov et al. 2014) to super-Earths/Neptunes, e.g., GJ1214b
and GJ436b (Kreidberg et al. 2014; Knutson et al. 2014a),
raising the possibility of the existence of floating small parti-
cles (aerosols) in their atmospheres as strong opacity sources.
Such aerosols obscure or interfere with other atmospheric fea-
tures (Fortney 2005), preventing us from properly measur-
ing the relative abundances of fundamental molecules such as
H2O, CH4, CO2, and CO. Therefore, understanding the nature
of aerosols is crucial to explore planetary formation histories
through their atmospheres.
Understanding the behaviors of aerosols is more important
for cooler atmospheres. In an atmosphere with temperature
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below ∼1000 K, CH4 becomes a major carbon carrier instead
of CO. When such a CH4-rich atmosphere is irradiated by UV
fluxes, hydro-carbon haze particles (tholins) can be produced
via photochemical processes. Indeed, such tholin hazes can be
seen in CH4-existing planets and satellites in our solar system
(e.g., Uranus and Titan). However, few exoplanets with low-
temperature atmospheres have been investigated to date. This
is notable in gas giants16, because transiting gas giants around
late-type (low-temperature) stars are rare (e.g., Johnson et al.
2012).
In this context, a transiting Jovian planet WASP-80b was re-
cently discovered around a nearby (60 ± 20 pc) late-K/early-
M dwarf (Triaud et al. 2013). This planet has several attrac-
tive points for studying its atmosphere. First, the planet has an
equilibrium temperature of ∼800 K or less (assuming albedo
is >0.1), which is one of the lowest temperatures among those
of transiting Jovian planets around bright (J <10) host stars.
Second, the host star shows strong chromospheric activities
(Triaud et al. 2013; Mancini et al. 2014), possibly causing ac-
tive photochemical reactions in the planetary atmosphere that
might produce abundant tholin particles. Last, the planet
shows the second largest transit depth (∼2.9 %) following
Kepler-45b (∼3.2%) among the known transiting planets, al-
lowing us to measure the transit depth with relatively high
precision. Therefore, WASP-80b offers a good opportunity
to extend the atmospheric study toward the low-temperature
regime, and test the photochemical reactions of hydro-carbons
in an exoplanetary atmosphere.
Recently, Mancini et al. (2014) conducted optical-to-near-
infrared simultaneous observations for a transit of WASP-80b
by using the GROND instrument on the MPG/ESO 2.2 m tele-
scope (g′, r′, i′, z′, J, H, and K bands) and the 1.54 m Dan-
ish telescope (I band), reporting a flat transmission spectrum
within the observational uncertainties. However, because the
data are also consistent with a model spectrum assuming a
solar-abundance atmosphere, further observations are needed
to characterize its atmosphere. Furthermore, they omitted the
H- and K-band observational data in their discussion of the
spectrum due to relatively poor quality, leaving large room for
improvement especially in the NIR regions.
In this paper, we report multi-band, multi-epoch transit ob-
servations of WASP-80b. We observed five primary transits,
each of which in three or four different bands, using three
ground-based telescopes at two observatories. Such multi-
band and multi-epoch observations are quite useful not only
to reduce statistical uncertainties but also to check systematics
in measured parameters, especially for ground-based obser-
vations which often suffer from unknown systematics and/or
lack of full-transit coverages. We also report 43 day long pho-
tometric observations of the host star WASP-80 in three opti-
cal bands, to monitor its intrinsic variability. This is important
because if the stellar brightness significantly varies from tran-
sit to transit due to such as star-spot appearing/vanishing, the
observed transmission spectrum, or practically star-to-planet
radius ratio Rp/Rs, can be biased (e.g. Pont et al. 2008).
The remainder of this paper is organized as follows. We
describe our observations in Section 2. The methods of re-
duction and analysis of the observed data are shown in Sec-
tion 3. The atmospheric properties, transit timings, and stellar
variability of the WASP-80 system are discussed in Section 4.
Finally, we summarize this paper in Section 5.
16 We note that atmospheres of low-temperature gas giants in wide orbits
have recently been investigated by direct imaging (e.g., Kuzuhara et al. 2013).
Table 1
Observing Log
Date Telescope/ Filter Exp. Time Nobs a
(UT) Instrument (s)
2013 Jul 16 IRSF/SIRIUS J 10 541
IRSF/SIRIUS H 10 537
IRSF/SIRIUS Ks 10 539
2013 Aug 13 MITSuME 50cm g′ 30 562
MITSuME 50cm Rc 30 566
MITSuME 50cm Ic 30 563
OAO188cm/ISLE J 45 324
2013 Aug 22 IRSF/SIRIUS J 10 566
IRSF/SIRIUS H 10 576
IRSF/SIRIUS Ks 10 582
2013 Sep 22 MITSuME 50cm g′ 30 268
MITSuME 50cm Rc 30 290
MITSuME 50cm Ic 30 295
OAO188cm/ISLE J 45 241
2013 Oct 7 IRSF/SIRIUS J 15 597
IRSF/SIRIUS H 15 597
IRSF/SIRIUS Ks 15 603
a The number of observed data points excluding outliers.
2. OBSERVATIONS
2.1. Transit Observations with IRSF/SIRIUS
We observed three primary transits of WASP-80b with the
Simultaneous Infrared Imager for Unbiased Survey (SIRIUS;
Nagayama et al. 2003) camera mounted on the Infrared Sur-
vey Facility (IRSF) 1.4 m telescope at the South African As-
tronomical Observatory on 2013 July 16, August 22, and Oc-
tober 7 (UT). SIRIUS has three detectors, each consisting of
1k × 1k pixels with a pixel scale of 0.′′45 pixel−1, enabling
us to obtain J-, H-, and Ks-band images simultaneously with
a field of view (FOV) of 7.′7 × 7.′7. During each observa-
tion, we defocused stellar images so that the FWHM of stel-
lar point-spread function (PSF) was 14–17 pixels on July 16
and October 7, and 9.5–12 pixels on August 22, in order to
improve photometric precision. In addition, we activated a
software that corrects tracking errors by calculating the stellar
positional shift on the newly obtained J-band image and feed-
ing it back to the telescope. The exposure time was set to 10 s
on July 16 and August 22, and 15 s on October 7. The weather
was photometric without any thin cloud passing for the three
nights. We observed full transit including pre- and post-transit
parts on July 16 and October 7; however, we discarded the
data before 22:47 on July 16 (UT) because of an accidental
drift of the stellar position on the detector that causes uncor-
rectable systematic errors on photometry. The pre-transit part
on August 22 was not observed due to interference with an-
other observational program. In the lower left panel in Figures
1–3, we show the air-mass change (top) and stellar positional
change along x and y directions on the J-band detector (bot-
tom) during the respective observations. An observing log is
shown in Table 1.
2.2. Transit Observations with OAO188cm/ISLE and
MITSuME
We observed two primary transits of WASP-80b by simulta-
neously using two instruments at Okayama Astrophysical Ob-
servatory (OAO) on 2013 August 13 and September 22 (UT);
one is the NIR imaging and spectroscopic instrument ISLE
(Yanagisawa et al. 2006, 2008) mounted on the 188 cm tele-
3Figure 1. (Left upper) Baseline-uncorrected transit light curves of WASP-80b observed with IRSF/SIRIUS on 2013 July 16. The J-, H-, and Ks-band light curves
are shown from top to bottom, where the lower two are arbitrary shifted along the vertical direction for display. The small gray points and large colored points are
unbinned and 10 minute binned data, respectively. The solid lines are the best-fit transit+baseline models derived from the MCMC analysis. (Left lower) The air
mass change (top), and the stellar positional changes in x and y directions on the J-band detector, where arbitrary constant values are added for clarity (bottom).
(Right upper) Baseline-corrected light curves. (Right lower) Residual light curves.
Figure 2. Same as Figure 1, but for the data obtained on 2013 August 22.
scope and the other is a multi-color imager mounted on the
50 cm telescope which is one of Multicolor Imaging Tele-
scopes for Survey and Monstrous Explosions (MITSuME;
Kotani et al. 2005; Yanagisawa et al. 2010).
ISLE has a 1k × 1k HAWAII-1 array having a pixel scale
of 0.′′25 pixel−1 and a FOV of 4.′5 on a side. We used J-band
filter and set the exposure time to 45 s on both nights. We
defocused stellar images so that the FWHM of stellar PSF was
23–27 pixels. In addition, we activated a hybrid auto-guiding
system (Fukui et al. 2013), which consists of an off-axis auto-
guiding camera to correct telescope’s tracking errors in real
time, and a software that corrects a gradual drift of the origin
of the auto-guiding camera with respect to the ISLE detector
by calculating the shift of stellar positions on the ISLE images.
The multi-color imager mounted on the MITSuME tele-
scope consists of three 1k × 1k CCDs, enabling us to obtain
g′-, Rc-, and Ic-band images simultaneously. Each CCD has a
pixel scale of 1.′′5 pixel−1, providing a FOV of 26′ on a side.
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Figure 3. Same as Figure 1, but for the data obtained on 2013 October 7.
We slightly defocused the stellar images so that the FWHM of
PSF was 1.2–2.5 pixels. We also activated a software that cor-
rects the stellar positional shift on the Ic-band detector soon
after each exposure. The exposure time was set to 30 s on
both nights.
The weather was mostly photometric on both nights, while
some thin clouds passed at the beginning of the observation
on September 22, which results in large flux drops especially
in the optical bands; we discarded these data from the analy-
sis in the remainder of this paper. In the lower left panel in
Figure 4 and 5, we show air-mass change (top) and stellar po-
sitional change along x and y directions on the ISLE (middle)
and MITSuME/Ic-band (bottom) detectors during the respec-
tive observations. An observing log is compiled in Table 1.
2.3. Photometric Monitoring of Stellar Variability with
MITSuME
In order to check the intrinsic variability of the host star
WASP-80 around the period of our transit observations, we
conducted out-of-transit observations on 14 nights spanning
43 days from 2013 August 10 to 2013 September 22, by using
the 50 cm MITSuME telescope in g′, Ic, and Rc bands. All the
settings were the same as the transit observations described
in the previous section. The observations were conducted for
one to two hours on each night, and in total about 1700 images
were gathered for each band.
3. ANALYSIS
3.1. Data Reduction
All the observed images are dark-subtracted and flat-fielded
in a standard manner. The flat-field images are created from
dozens of twilight flat images that were obtained before and
after each observation for the SIRIUS and MITSuME data,
and from 100 dome-flat images that were taken on each ob-
serving night for the ISLE data. After that, aperture photom-
etry is performed for the target and several (for SIRIUS and
ISLE) or dozens (for MITSuME) of bright stars spread on the
reduced images, by using a customized tool with constant-
aperture-radius mode (Fukui et al. 2011). The target flux is
divided by the sum of the fluxes of a selected number of bright
stars (comparison stars) to produce a relative light curve.
The time for each data point is assigned as the mid-time
of exposure in the Barycentric Julian Day (BJD) time system
based on Barycentric Dynamical Time (TDB), which is con-
verted from Julian Day (JD) based on Coordinated Universal
Time (UTC), recorded on the FITS header, via the code of
Eastman et al. (2010).
3.2. Preparation of Transit Light Curves
In order to optimize the set of comparison stars and aperture
radius for each instrument, filter, and transit (each data set),
we produce a number of trial light curves for each data set
by changing the combination of comparison stars, as well as
changing the aperture radius with a step size of 0.5 pixel (for
MITSuME) or 1 pixel (for others). Then, we fit the individual
trial light curves with a transit-plus-baseline model to select
the best light curve so that the root mean square (rms) of the
residual light curve is minimum. For the light curve model,
we use the following functions:
F = k0× 10−0.4∆mcorr ×Ftr, (1)
∆mcorr =
∑
i=1
kiXi, (2)
where F is the relative flux, Ftr is the transit light-curve model,
{X} are variables for the baseline function, and {k} are co-
efficients. For the variables {X}, we tentatively use {t, z},
where t is time and z is air mass. For the transit model
Ftr, we use the analytic formula given by Ohta et al. (2009),
which is equivalent to that of Mandel & Agol (2002) when
using the quadratic limb-darkening raw. The transit param-
eters we use are the mid-transit time Tc, the planet-star ra-
dius ratio Rp/Rs, the semi-major axis normalized by the stel-
lar radius a/Rs, the orbital inclination iorb, and the quadratic
limb-darkening coefficients u1 and u2. Among these param-
eters, Tc, Rp/Rs and u1 are let free, while a/Rs and iorb are
fixed at the values derived from Mancini et al. (2014), namely,
12.6119 and 88.91 deg, respectively. We also fix u2 at the the-
5Figure 4. (Left upper) Baseline-uncorrected transit light curves of WASP-80b observed at OAO on 2013 August 13. The g′-, Rc-, Ic-, and J-band light curves
are shown from top to bottom, where the lower three are arbitrary shifted along the vertical direction for display. The other meanings are the same as in Figure
1. (Left lower) The air mass change (top), and the stellar positional changes in x and y directions on the MITSuME/Ic-band detector (middle) and those on the
ISLE/J-band detector (bottom), where arbitral constant values are added for clarity. (Right upper) Baseline-corrected light curves. (Right lower) Residual light
curves.
oretical values for a star with logg=4.5 and Teff=4100 K for
respective filters, adopted from Claret et al. (2012), namely,
0.109, 0.191, 0.225, 0.223, 0.267, 0.241 for g′, Rc, Ic, J,
H, and Ks, respectively. A circular orbit, with an orbital
period of P = 3.06786144 days adopted from Mancini et al.
(2014), is assumed. The individual light curves are fitted by
the AMOEBA algorithm (Press et al. 1992) to find the one
that gives the minimum rms value by iteratively eliminating
>4σ outliers. In Table 2, we summarize the number of se-
lected comparison stars and the selected aperture radius for
all data sets. The selected light curves are shown in the up-
per left panels in Figures 1–5, where 10 minute binned data
are also shown as a visual guide. We note that there exists
a fainter neighboring star (∆B=2.8 and ∆Ks=4.0) that is sep-
arated from WASP-80 by 8.′′9; we confirm that with the se-
lected aperture radii the flux contamination from the fainter
star is negligible for all the data sets.
3.3. Selection of Baseline Models
After preparing the light curves, we select the best-
describing baseline model, i.e., which variables should be in-
cluded in {X} in Equation (2), for each light curve. To do so,
we first fit each light curve with Equations (1) and (2), letting
Tc, Rp/Rs, u1, and a/Rs be free while fixing others, by chang-
ing the set of variables {X}. The set of variables are chosen
from t, z, t2, ∆x, and ∆y, where ∆x and ∆y are the relative
stellar displacement along the x and y directions, respectively,
on the detectors. Next, we evaluate the Bayesian information
criteria (BIC; Schwarz 1978) for each baseline model; the BIC
value is given by BIC=χ2 + k lnN, where k is the number of
free parameters and N is the number of data points. Finally,
we select the best baseline model such that the BIC value is
minimum.
This procedure works well for all the light curves except for
the J- and H-band light curves obtained on 2013 August 22.
For these two light curves, we find that the fittings with the
minimum-BIC models, namely {X}={t, t2} for both, derive
inconsistent a/Rs values with that derived from Mancini et al.
(2014), although for all the other light curves the comparable
fittings derive consistent a/Rs values, largely within their un-
certainties (see Figure 6). The two exceptional light curves
lack a pre-transit part; in such a case, incorrect baseline mod-
els can incidentally fit the data well. If this is the case, the de-
rived Rp/Rs value, which is what we want to measure, could
be shifted from the true value. In fact, the respective Rp/Rs
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Figure 5. Same as Figure 4, but for the data obtained on 2013 September 22.
values for the J- and H-band light curves on August 22 are sig-
nificantly larger than those for the light curves from the same
band on October 7 (see the corresponding panels in Figure 6),
which depict both before and after the transit. For the two ex-
ceptions, we alternatively find that a simpler baseline model
of {X} = {z} can fit them giving consistent a/Rs values with
those from Mancini et al. as well as consistent Rp/Rs values
with the light curves from the same band on October 7 (de-
noted as open circles in Figure 6), while the BIC differences
between {X} = {z} and {t, t2} for the J- and H-band light
curves are 18.8 and 34.1, respectively. For the above reasons,
we choose {X} = {z} as the best baseline model for these two
light curves. We note that it is not likely that a/Rs and Rp/Rs
have changed over time, because fitting to the Ks-band light
curve on the same night with the minimum-BIC model gives
a a/Rs value that is consistent with that of Mancini et al. In
Table 2, we summarize the selected sets of variables {X} for
the respective light curves.
We also note that even for the other light curves, there can
be several baseline models that give BIC values similar to the
minimum one, potentially causing systematic errors on Rp/Rs
depending on which baseline model we select. To see the im-
pact of this possibility, we also plot in Figure 6 the Rp/Rs and
a/Rs values for the baseline models that give the BIC differ-
ence with respect to the minimum-BIC model (∆BIC) of less
than five. As a result, the Rp/Rs and a/Rs values for similar-
BIC models (filled circle, triangle, and square are for the mini-
mum, second-, and third-minimum BIC models, respectively)
are close to each other compared to their uncertainties, im-
plying that the systematics on Rp/Rs due to different baseline
models are small.
After the baseline-selection process, we rescale the flux un-
certainties in each light curve such that the reduced χ2 of the
transit-plus-baseline-model fit becomes unity. In addition, we
further rescale these uncertainties by the so-called β factor
(Winn et al. 2008) taking red noises into account. The β fac-
tor is defined as σN,obs/σN,exp, where σN,obs is the standard de-
viation of the residual light curve binned by N data points into
M bins, and σN,exp ≡ σ1
√
M/N(M − 1) is the expected stan-
dard deviation for the binned residual light curve assuming
that the unbinned residuals with the standard deviation of σ1
are dispersed in a Gaussian distribution. We take the median
value of β calculated for N = 4 to 15 for each light curve. The
calculated β values are summarized in Table 2.
3.4. MCMC Analysis
To properly derive the Rp/Rs values and their uncertainties
for the respective data sets, we perform the Markov Chain
Monte Carlo (MCMC) analysis for each transit by using a
customized code (Narita et al. 2007, 2013). In this analysis,
7Table 2
Summary of Light Curve Preparation
Instrument Obs. Date Filter Ncomp a Rap b {X} RMS β
(UT) (pixel) (%)
SIRIUS 2013 Jul 16 J 3 12.0 t, ∆x, ∆y 0.194 1.24
H 3 14.0 t, ∆x, ∆y 0.145 1.58
Ks 4 12.0 t, ∆x, ∆y 0.200 1.33
2013 Aug 22 J 3 9.0 z 0.251 1.36
H 3 9.0 z 0.177 1.68
Ks 2 9.0 t, z 0.298 1.13
2013 Oct 7 J 3 16.0 t 0.270 1.06
H 2 16.0 t, z, t2 0.265 1.17
Ks 3 14.0 t, z, t2 0.329 1.01
ISLE 2013 Aug 13 J 1 20.0 t 0.164 1.35
2013 Sep 22 J 1 21.0 t, z 0.177 1.28
MITSuME 2013 Aug 13 g′ 8 2.5 t, t2 1.05 1.02
Rc 6 4.0 z 0.477 1.00
Ic 9 3.5 t 0.491 1.01
2013 Sep 22 g′ 8 3.0 t 0.855 1.00
Rc 6 4.0 z 0.417 1.12
Ic 9 3.5 t, t2 0.404 1.08
a The number of comparison stars.
b Aperture radius.
all the light curves involved in one transit are analyzed simul-
taneously, treating iorb, a/Rs, and Tc as common parameters,
whereas Rp/Rs, u1, u2, and {k} are treated as independent
parameters for the respective light curves. Here, {k} are the
coefficients corresponding to the variables {X} selected in the
previous section. In the same way as in Section 3.2, we fix iorb
and a/Rs at the values from Mancini et al. (2014), and fix u2 at
the theoretical values for the respective filters; we let the other
adjustable parameters be free. The reason for fixing the iorb
and a/Rs values to those of Mancini et al. is that these param-
eters are correlated with Rp/Rs, and varying them would cause
systematic offset on measured Rp/Rs, which is what we aim
to compare between different bands among the data including
the ones from Mancini et al. (see Section 4.1).
We start the MCMC procedure with the best-fit parameters
determined by the AMOEBA algorithm, using their 1σ uncer-
tainties as the widths of Gaussian jump functions for updating
MCMC steps. We perform 10 sequential MCMC runs with
106 chained steps in each run, updating the best-fit parameters
and their 1σ uncertainties. To wait for convergence, we dis-
card the first five MCMC runs. The final median values and
1σ uncertainties of the respective parameters are calculated
from the merged posterior-probability distributions from the
last five MCMC runs.
The resultant parameters are summarized in Table 3. The fi-
nal light curve models are displayed as solid lines in the upper
left panels in Figures 1–5, as well as the baseline-corrected
light curves and residual light curves are shown in the upper
right and lower right panels, respectively, in the same figures.
We note that no apparent spot-crossing event is seen in any of
the five transits.
3.5. Photometric Monitoring Data
For the 43 day long photometric monitoring data gathered
by the MITSuME telescope, we perform aperture photome-
try in the same way as in Sections 3.1 and 3.2. After elimi-
nating the data points fallen in any transit events, we correct
the systematics on the respective light curves by fitting them
with Equations (1) and (2) fixing Ftr=1 and using {X}={z,
∆x, ∆y}. The resultant light curves with nightly binned data
points are shown in Figure 7, in which the error bars are cal-
culated as rms of the unbinned data on each night divided by
the square of the number of data points.
4. DISCUSSION
4.1. Atmospheric Properties
In this section, we discuss the dependence of Rp/Rs on
wavelength that could arise from the atmospheric properties
of WASP-80b. In Figure 8, we plot the observed Rp/Rs val-
ues derived in Section 3.4 as a function of wavelength, along
with those derived by Mancini et al. (2014). At each band,
the measured values from different transits are consistent with
each other within 2σ uncertainties. Especially in the J band,
we have now a total of six observations of Rp/Rs including the
one from Mancini et al. (2014), and they are mostly consistent
with each other, indicating the correctness of our methodol-
ogy and the smallness of systematics. We note that the effect
of stellar intrinsic variability on measured Rp/Rs is negligible,
as will be discussed in Section 4.3.
In order to search for atmospheric features in the observed
Rp/Rs spectrum, we first compare the overall observed data
with two possible model spectra; one is from an atmospheric
model with the solar abundances and the other is from an at-
mospheric model with opaque clouds. For the former model,
we simulate the model spectrum assuming a solar abundance
atmosphere and a temperature of 800 K, which corresponds to
the equilibrium temperature with albedo of 0.1 (Triaud et al.
2013), as described in the Appendix; for the latter model, we
approximate it simply as a flat line assuming that the atmo-
sphere is thoroughly opaque in the wavelength range from op-
tical to NIR. Note that our motivations for comparing with the
cloudy model come from the fact that flat transmission spec-
tra compatible with the presence of thick cloud layers have
been recently observed for several other low-temperature exo-
planets such as GJ1214b (Kreidberg et al. 2014) and GJ436b
(Knutson et al. 2014b), as well as the fact that Mancini et al.
(2014) reported that their observed spectrum of WASP-80b is
consistent with a flat line. We then fit the two model spec-
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Figure 6. Comparison of Rp/Rs and a/Rs derived by the AMOEBA fitting for each light curve using different baseline models. The results for each light curve
are shown in each panel, on top of which the observing month/day and instrument/filter are indicated. The filled circle, triangle, and square denote the values
derived by using the baseline models that give the minimum, second minimum, and third minimum BIC values, respectively. The number in parenthesis in the
legend indicates ∆BIC with respect to the minimum BIC value. Note that only the plots giving ∆BIC<5 are shown in this figure, except for the panels for
SIRIUS/J and H on August 22, where the values derived from {X} = {t} are additionally shown as open circles. The gray belt indicates the 1σ credible region of
a/Rs derived by Mancini et al. (2014). Our choices for the best-describing baseline models are indicated by red color.
Table 3
MCMC Resultsa
Parameter Value
2013 Jul 16 2013 Aug 13 2013 Aug 22 2013 Sep 22 2013 Oct 7 Mancini et al. (2014)
Tc 6490.492507 6518.10335 6527.30758 6557.98585 6573.32468 ...
[BJDTDB-2450000] ± 0.000091 ± 0.00012 ± 0.00016 ± 0.00018 ± 0.000088
u1 (g′) ... 0.842 ± 0.087 ... 0.642 0.095
−0.097 ... ...
u1 (Rc) ... 0.624 0.042
−0.043 ... 0.551
0.056
−0.059 ... ...
u1 (Ic) ... 0.407 0.048
−0.050 ... 0.353 0.052−0.054 ... ...
u1 (J) 0.270 ± 0.026 0.254 ± 0.032 0.265 0.035
−0.037 0.258 0.038−0.040 0.204 ± 0.027 ...
u1 (H) 0.213 ± 0.023 ... 0.126 0.033
−0.031 ... 0.133
0.033
−0.038 ...
u1 (Ks) 0.153 ± 0.029 ... 0.159 ± 0.038 ... 0.048 0.048
−0.053 ...
Rp/Rs (g′) ... 0.1743 0.0045
−0.0047 ... 0.1787 ± 0.0064 ... 0.17033 ± 0.00217
Rp/Rs (Rc) ... 0.1736 ± 0.0017 ... 0.1711 0.0040
−0.0037 ... 0.17041 ± 0.00175
Rp/Rs (Ic) ... 0.1741 ± 0.0015 ... 0.1778 ± 0.0039 ... 0.17183 ± 0.00161
Rp/Rs (J) 0.1697 ± 0.0015 0.1704 ± 0.00092 0.1690 ± 0.0014 0.1686 ± 0.0016 0.17234 0.00089
−0.00081 0.1695 ± 0.0028
Rp/Rs (H) 0.1688 ± 0.0014 ... 0.1709 ± 0.0012 ... 0.1702 ± 0.0017 ...
Rp/Rs (Ks) 0.1708 ± 0.0016 ... 0.1672 ± 0.0022 ... 0.1679 ± 0.0023 ...
a The MCMC analysis in this work is performed by fixing iorb = 88.91 deg and a/Rs = 12.612, which are obtained from Mancini et al. (2014).
9Figure 7. Forty-three-day-long light curves of WASP-80 observed with the
MITSuME telescope in Ic, Rc, and g′ bands (top, middle, and bottom panels,
respectively). The gray dots are unbinned data points excluding those that
fall in any transits, whereas the large points indicate nightly binned data. The
error bars are calculated as RMS of nightly unbinned data divided by square
of the number of data points. The nights when the transit observations were
conducted at IRSF and OAO are indicated as arrows in the top panel.
tra to the data; for both cases, the number of free parameters
is one: the radius of planetary disk that blocks the incident
stellar radiation completely, R0.
In the fitting process, we create a theoretical Rp/Rs spec-
trum for each R0 using Equation (A2) and the fixed Rs value
of 0.63 R⊙ (Triaud et al. 2013), and integrate the spectrum
over each filter’s pass band to compare it with the observa-
tional data. The best-fitted models for the solar abundance at-
mosphere and the cloudy atmosphere are shown, respectively,
by the solid cyan and dashed gray lines in Figure 8. As a
result, we find that the solar abundance and cloudy models
give the minimum-χ2 values of 35.4 and 34.7, respectively,
for the degrees of freedom (dof) of 25. These values indi-
cate that the two models are both largely consistent with the
data at the discrepancy level of 1.7σ. When we discard the
MITSuME data, which were obtained with a relatively small-
aperture telescope and might contain relatively large unknown
systematics, the solar abundance and cloudy models fit the re-
maining data with χ2/dof=24.3/19 and 22.7/19, respectively,
reducing the discrepancy levels to 1.3 and 1.1σ. Therefore,
we cannot rule out these two models from the current obser-
vational data.
On the other hand, we also find that the observed Rp/Rs
in the optical region is marginally larger than that in the NIR
region; the weighted mean of the observed Rp/Rs in the op-
tical (λ < 1µm) and NIR (λ > 1µm) regions are 0.17193 ±
0.00041 and 0.17029 ± 0.00039, respectively, having a 2.9-σ
discrepancy. As discussed in Section 1, because the equilib-
rium temperature of WASP-80b is about 800 K or less, photo-
chemically produced hydro-carbon haze like tholin may exist
in the atmosphere (e.g., Fortney et al. 2013). If so, the ob-
served spectral rise in the optical region could be explained
by the existence of tholin haze in the planetary atmosphere.
Motivated by this possibility, we model the transmission
spectrum of a hazy atmosphere with the solar abundances and
compare it with the observed data. The haze layer is charac-
terized by four parameters that include the particle size ahaze,
the number density nhaze, and the pressures at the top and bot-
tom of the haze layer, which are denoted by Ptop and Pbot, re-
spectively. Values of Ptop and Pbot are chosen as described in
the Appendix; in the case of GJ1214b, the method of choice
is confirmed to yield values of Ptop and Pbot that are consis-
tent with the result from Morley et al. (2013). We assume
ahaze = 0.04 µm, which is the typical size of haze particles
in Titan’s atmosphere (Tomasko et al. 2009). We then search
for the best-fit hazy model by changing nhaze every one order
of magnitude from 10 to 1× 106 cm−3, as well as letting R0
be free. As a result, we find that nhaze = 1× 104 cm−3 gives
a minimum-χ2 value of 29.3 with dof = 24 (in this case, the
number of free parameters is two) for temperature of 800 K,
which means that the discrepancy level is 1.3σ. A compara-
ble fit to the data without the MITSuME data gives χ2/dof =
22.7/18, or 0.99σ. These values are slightly better than those
for the above two models of the haze-free solar-abundance at-
mosphere and the cloudy atmosphere.
In reality, however, we may have to consider temperature
lower than 800 K. The 800 K corresponds to the globally av-
eraged equilibrium temperature of WASP-80b with an albedo
of 0.1. Since WASP-80b is likely to be tidally locked, the limb
of the planetary disk that we observe may be much cooler than
800 K, provided the atmospheric heat redistribution is ineffi-
cient. Also, the high-altitude haze may block incident stellar
flux from reaching the deep atmosphere. Thus, we consider
600 K, as an example of a moderately warm atmosphere to
simulate the transmission spectrum which is shown by the dot-
ted magenta line in Figure 8. In this case, the best-fit model
(with nhaze = 1×104 cm−3) results in a χ2/dof of 26.8/24, giv-
ing a discrepancy level of only 1.0σ. These statistical values
decrease to χ2/dof=19.5/18 and 0.92σ for the case without the
MITSuME data. These results indicate that the hazy atmo-
sphere model with temperature of 600 K is rather consistent
with the observed data, relative to the above three models. In
contrast, we also find that the haze-free solar abundance atmo-
sphere of 600 K yields a large χ2/dof of 44.2/25 and 29.7/19
for the data with and without the MITSuME data, respectively.
In Table 4, we summarize the statistical results of the model
fittings discussed above.
A more extensive search for the best-fit model is beyond
the scope of this study because the observed data have un-
certainties that are too large and wavelength resolutions that
are too low. Also, we need more detailed treatment concern-
ing the role of haze on the atmospheric temperature and the
heat redistribution in the atmosphere, which will be left to fu-
ture studies. Nevertheless, we confirm that at least one atmo-
spheric model with haze can explain the observed data well.
Thus, the relatively large Rp/Rs in the optical region detected
by our observation has raised another possibility of the pres-
ence of haze in the atmosphere. Higher-precision and higher-
wavelength-resolution observations are desired to further shed
light on this possibility.
4.2. Transit Timings
Due to the multi-epoch observations, we are able to refine
the transit ephemeris as well as search for transit timing vari-
ations (TTVs) that would be caused by additional perturbing
planets (e.g., Holman et al. 2010). The latter is particularly
of interest because warm Jupiters may have higher probabil-
ity of having TTV-causing neighboring planets compared to
hot Jupiters, most of which are known to be solitary (e.g.,
Steffen et al. 2012).
Using the mid-transit times of the five transits measured
in Section 3.4 as well as those from the previous works, we
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Figure 8. (Top) Observed and theoretical transmission spectra of WASP-80b. The Rp/Rs values obtained in this work are indicated as filled marks, where different
marks are for the data obtained on different nights as indicated at the upper right in the panel. The J-band data from ISLE are indicated as bold lines for ease of
recognizing. The open circles indicate the data from Mancini et al. (2014), which include re-analysis of the data presented in Triaud et al. (2013). Data points are
slightly shifted in the horizontal direction for display when there are multiple observations at one band pass. The solid, dashed, and dotted lines show theoretical
spectra for solar-abundance (800K), cloudy, and hazy (600K) atmospheres, respectively (see text for details). Note the theoretical spectra shown are smoothed for
clarity. The open squares indicate the integrals of the theoretical spectra for the respective band passes. (Bottom) Transmission curves for the respective filters,
where the bold, normal, and thin lines are for the ISLE/J-band filter, the other filters used in this work, and those used in Mancini et al. (2014), respectively.
Table 4
Statistical Results of Model Fitting to the Transmission Spectrum
Solar Cloud Haze Haze Solar
(800 K) (800 K) (600 K) (600 K)
All Data
χ2/dof 35.4/25 34.7/25 29.3/24 26.8/24 44.2/25
Discrepancy [σ] 1.7 1.7 1.3 1.0 2.7
w/o MITSuME Data
χ2/dof 24.3/19 22.7/19 20.2/18 19.5/18 29.7/19
Discrepancy [σ] 1.3 1.1 0.99 0.92 1.9
refine the transit ephemeris of WASP-80b as Tc (BJDTDB) =
2456125.417574 (86) + 3.06785952 (77) ×E , where E is the
relative transit epoch and the numbers in parentheses indi-
cate the uncertainties written to the last two significant digits.
The residuals of the observed transit timings from the above
ephemeris are shown in Figure 9. The χ2 value for the lin-
ear fit is 59.0 for the degrees of freedom of 11, indicating
that a liner function does not fit the data well. This in prin-
ciple could be due to perturbations from an additional object
in the planetary system, however, it could also be due to small-
number statistics and/or unknown systematics as well (e.g.
Maciejewski et al. 2013; Barros et al. 2013; Southworth et al.
2012; Hoyer et al. 2012). In addition, we cannot see any plau-
sible periodicity nor large amplitude exceeding ∼50 s that are
usually seen in the detection cases (e.g. Mazeh et al. 2013).
Figure 9. Residuals of the observed mid-transit times from the liner
ephemeris calculated by fitting all the data shown here. The latest five data
points are from this work, and others are from Mancini et al. (2014) including
the re-analysis data of the light curves presented in Triaud et al. (2013).
Therefore, we do not claim a detection of TTVs due to a third
body at this time.
4.3. Stellar Variability
To check for the existence/absence of stellar intrinsic vari-
ability that causes systematic offsets on the observed Rp/Rs,
we investigate the 43 day long light curves created in Section
3.5. The χ2 values of the 14 nightly binned data with respect
11
to a constant fit are 212.7, 181.8, and 137.4 for g′, Rc, and Ic
bands, respectively, suggesting that the host star’s brightness
could significantly vary over time. However, the data points
in different bands are not correlated each other, with the cor-
relation coefficients between Ic and Rc, Rc and g′, and g′ and
Ic are −0.26, 0.29, −0.32, respectively. This fact indicates that
the observed dispersions are due to systematics rater than as-
trophysical origin. In addition, no periodic variation or linear
trend can be seen in any of the three light curves. Therefore,
we do not detect any star-spot-induced periodic variability
with the semi-amplitude larger than 0.25%, 0.3%, and 0.7%
for Ic, Rc, and g′ bands, respectively, during the observed pe-
riod range of 43 days. Even if the observed dispersions were
of astrophysical origins, the maximum variability of 0.7% in
the g′ band would change the observed Rp/Rs values by only
0.07%, or 0.0001 in units of Rp/Rs, which is negligible com-
pared to the uncertainties of Rp/Rs.
The non-detection of significant stellar variability is in line
with the report of Triaud et al. (2013), who did not detect >1
mmag rotational variability from wide-band (V+R) photomet-
ric data of the WASP transit survey as well as from multi-
epoch observations with a 60 cm telescope. We therefore
confirm from the multi-band observations that the host star
WASP-80 does not show spot-induced large (> a few mmag)
periodic variations. In addition, so far no spot-crossing event
has been observed during any of the transits observed in this
work or in previous works (nine transits in total), implying that
there are not many or large spots distributed on the stellar sur-
face. On the other hand, Triaud et al. (2013) pointed out that
the star could be young because of its high projected stellar
rotational velocity (vsinis = 3.55± 0.33 km s−1), depletion of
lithium, and the presence of Ca H+K emission, although there
is also counter-evidence that the galactic dynamical velocities
are low. In addition, Mancini et al. (2014) detected strong Ca
H+K emission lines, indicating that the star has strong mag-
netic activity. If the star is truly young and active, the star
would be expected to be heavily spotted. If so, a possible
scenario would be that either many small spots are widely dis-
tributed on the stellar surface (Mancini et al. 2014), or that the
stellar inclination is is very small such that the polar region
of the stellar surface is always facing us. The latter idea is
particularly consistent with the fact that the projected spin-
orbit angle β was measured as a significantly non-zero value
(±75◦± 4), assuming V sinis = vsinis, where V sinis and vsinis
are the projected stellar-rotation velocities measured from the
Rossiter-McLaughlin effect and spectral equivalent width, re-
spectively (Triaud et al. 2013). In this case, the star should be
rotating very fast, possibly less than a few days. Photometric
monitoring of the star with much higher precision may help to
measure the rotational period and test this possibility.
5. SUMMARY
In this paper, we report multi-color, multi-epoch observa-
tions of the transiting warm Jupiter WASP-80b, which is suit-
able for studying an exoplanetary atmosphere with low tem-
perature. We observed five primary transits of this planet
using three instruments and seven different filters. Conse-
quently, we obtained 17 independent transit light curves in
six colors covering from optical to near infrared (NIR) wave-
length regions. We compare the observed Rp/Rs values in-
cluding those from previous works with two model spectra,
one is from a solar-abundance atmospheric model and the
other is from a thick cloud one. As a result, we find that the
observed data are largely consistent with both the two models
at 1.7σ. Therefore, we cannot rule out these two models from
the current observations.
On the other hand, we also find that the observed Rp/Rs in
optical is marginally larger than that in NIR at 2.9σ signifi-
cance, possibly indicating the existence of haze in the plane-
tary atmosphere. We compare the data with theoretical spec-
tra for a solar abundance but hazy atmosphere, and find that a
model with the equilibrium temperature of 600K fits the data
at 1.0σ, indicating that the hazy atmospheric model can ex-
plain the observed data well. To confirm or reject this possi-
bility, further higher-precision and higher-spectral-resolution
observations are required.
We also search for transit timing variations from totally 13
timing data (9 transits) from this work and previous work. As
a result, we do not find any periodic timing variation nor tim-
ing excess larger than 50 s from a linear ephemeris, meaning
that there is no considerable sign of additional neighboring
planet at this time.
In addition, we conducted 43 day long photometric moni-
toring of the host star in g′, Rc, and Ic bands, resulting in a
non-detection of significant brightness variations. Combining
with the fact that no spot-crossing event is observed in the five
transits, we confirm the findings of Triaud et al. (2013) and
Mancini et al. (2014) that the host star appears quiet for spot
activities despite indications of strong chromospheric activi-
ties. This odd consequence could be explained if the host star
has a polar-on orbit. This possibility can be tested by mea-
suring the stellar rotational period by monitoring the stellar
brightness with much higher precision.
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APPENDIX
OUTLINE OF TRANSMISSION SPECTRUM MODELING
The theoretical value of the transit radius at wavelength λ, Rp,th(λ), is calculated as
[
Rp,th(λ)
Rs
]2
=
1
piR2s
∫ Rs
0
{
1 − e−τ (r,λ)
}
·2pirdr, (A1)
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where Rs is the host star’s radius, r is the planetocentric distance, and τ is the chord optical thickness (see e.g. Kurosaki et al.
2014). We assume that the planetary disk of radius R0 blocks the incident stellar radiation completely, which means
{Rp,th(λ)}2 = R20 +
∫ R2s
R20
{
1 − e−τ (r,λ)
}
dr2. (A2)
In this study, we define R0 as the planetocentric distance at which the atmospheric pressure is 10 bar. Since the pressure profile
in the atmosphere is unknown in advance, we treat R0 as a free parameter while searching for the best-fit model by χ2 analysis.
The atmosphere is assumed to be in hydrostatic equilibrium and isothermal for simplicity; Rp,th is known to be less sensitive
to atmospheric pressure-temperature profiles (Miller-Ricci & Fortney 2010; Howe & Burrows 2012). We also assume that the
element abundances are radially constant and calculate chemical-equilibrium molar fractions of molecules at each altitude with
the Gibbs free energy data from NIST-JANAF Thermochemical Tables (Chase 1998). We determine the element abundance ratios
of the solar abundance atmosphere from Lodders (2003).
As for the sources of radiative extinction, we consider line absorption by H2, H2O, CH4, CO, CO2, NH3, N2, Na, and K
gases, and collision-induced absorption by H2-H2, and H2-He for the solar abundance model, and additionally scattering by haze
particles for the hazy atmospheric models. We take line data for those gaseous molecules except Na and K from HITRAN2012
(Rothman et al. 2013) and those for Na and K from Kurucz (1992), and calculate the absorption cross sections for those gases
with the Voigt profile (e.g., Goody & Yung 1989). In practice, we use the geometric mean of the wavelength-dependent cross
sections over a range with a wavenumber width of 3.3 cm−1. The cross sections due to the collision-induced absorption are taken
from HITRAN2012.
For haze particles, we assume hydrocarbon haze, which is often called tholin. Taking its complex indices of refraction from
Khare et al. (1984), we calculate its extinction coefficients based on the Mie theory, using HITRAN-RI program in HITRAN2012.
The haze layer is characterized by four parameters that include the particle size ahaze, the number density nhaze, and the pressures
at the top and bottom of the haze layer which are denoted by Ptop and Pbot, respectively. Hydrocarbon haze is usually produced
from CH4. CH4 is the major C-bearing molecule in the lower atmosphere, while CO is dominant in the upper atmosphere. Thus,
hydrocarbon haze should appear around the altitude where CH4 changes to CO. According to recent simulations of photochemistry
in the atmosphere of GJ1214b by Morley et al. (2013), the precursor molecules such as C2H2 forms at such an altitude and
is distributed in the region that ranges over 1-2 orders of magnitude in pressure. In this study, we calculate the equilibrium
composition to find the altitude at which CH4 is equal in mole fraction to CO. While our calculation does not include photo-
chemical effects and assumes the isothermal structure, we have checked that our calculated altitude for GJ1214b is similar with
that from Morley et al. (2013). The calculated pressures at that altitude for WASP-80b are approximately 1× 10−4 bar and
1×10−2 bar for temperatures, T , of 600 K and 800 K, respectively. Thus, we assume that Ptop = 1×10−5 bar and Pbot = 1×10−3 bar
for T = 600 K and that Ptop = 1× 10−3 bar and Pbot = 0.1 bar for T = 800 K.
As for the particle size, we assume ahaze = 0.04 µm, which is the typical size of haze particles observed in Titan’s atmosphere
(Tomasko et al. 2009). Larger particles with ahaze & 0.1 µm would be incompatible with the spectral feature such that the transit
radius is larger in the optical region than in the NIR region. For ahaze . 0.1 µm, the Rayleigh scattering by haze particles
determines the spectrum in the optical region. For an appropriate choice of nhaze, the Rayleigh slope would be consistent with
the spectral feature that we have observed. Because different sets of ahaze and nhaze yield similar spectral features, we regard nhaze
as a free parameter in this study. The number density nhaze is assumed to be between 10 cm−3 and 1× 106 cm−3, which is an
expected range in Titan’s atmosphere (Liang et al. 2007) and hydrogen-rich atmospheres of warm exoplanets (e.g. Morley et al.
2013), although its exact value is uncertain.
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